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Performance of treatment technologies in 
removing lower molecular weight persistent 
organic pollutants 
Thomas Shurvell, Li Shu, Greg Keir and Veeriah Jegatheesan 
1. INTRODUCTION 
Water is a vital part of everyday life. It is essential that humans have an adequate supply 
of clean water to avoid illness and disease. It is for this reason that water pollution is one of 
the main challenges that mankind must face (Ganoulis 2009). Although water pollution 
remains an overwhelming problem in developing nations, industrialised nations such as 
Australia still have to contend with the reality of contaminated waterways. The pollution 
of waterways can occur either naturally or due to human activities. Pollution by natural 
organic matter occurs throughout all waterways and is generally only a major concern 
when it reacts with chemical disinfectants added to the water to form harmful by-products. 
Pollution from human activities can occur in a number of different ways. In the 21st century, 
the use of a variety of different substances that have the potential to contaminate water 
sources is unavoidable. Many of these polluting substances are harmful to human health if 
consumed in significant quantities. 
Many agricultural chemicals such as herbicides and pesticides contain lower molecular 
weight persistent organic pollutants (LMWPOPs) and as many of these substances have 
the capacity to be detrimental to human health, their presence in water sources is considered 
undesirable. Various methods of water treatment exist that are, to a certain extent, capable 
of removing LMWPOPs. These methods including coagulation; coagulation coupled with 
membrane filtration; nanoparticles; adsorption using activated carbon; and the use of a 
membrane bioreactor. 
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2. WATER QUALITY 
Clean water is essential for the health of humans. However, sources of water generally 
always contain pollutants from the natural environment and human actions. Many of these 
pollutants are known to be harmful to human health. It is therefore necessary to treat 
water taken from water sources before allowing consumption. 
2.1. Australian Drinking Water Guidelines 
The Australian Drinking Water Guidelines (ADWG) were developed by the National Health 
and Medical Research Council in conjunction with the Natural Resource Management 
Ministerial Council to act as a framework to advise water suppliers on the appropriate 
standards for quality drinking water. The recommendations in the ADWG are not 
compulsory for water suppliers to adopt but they do offer the most up to date advice on 
maximum safe levels of impurities in water and are intended to be used complementary to 
varying local factors whilst taking into account economic, political and cultural issues 
(National Health and Medical Research Council [NHMRC] & Natural Resource 
Management Ministerial Council [NRMMC] 2004). 
2.2. Pollutants from Natural Sources 
Natural organic matter (NOM) is present in all fresh water and consists of molecules of 
plant and animal matter (Egeberg et al. 1999). NOM is a collective term that refers to matter 
that originated from an initial organic source and as such the composition of NOM differs 
between bodies of water depending on the source material and the degree of subsequent 
degradation reactions (Newcombe & Dixon 2006). As well as in soils and the atmosphere, 
NOMs can be found in a dissolved state in water (Newcombe & Dixon 2006). 
NOM plays an important role in the health and diversity of waterways and its presence is 
only considered undesirable when disinfectants such as chlorine are added to the water. 
With the addition of certain disinfectants, reactions can take place resulting in the production 
of by-products known as trihalomethanes. These by-products are thought to have a 
carcinogenic effect on humdns if consumed in high enough doses. 
2.3. Pollutants from Human Activities 
Pollution from human activity is inevitable and many pollutants find their way into ground 
and surface waterways, persisting in the environment for long periods of time. Such 
substances include herbicides, pesticides, pharmaceuticals, and personal care products. 
Many of these substances contain pollutants with a molecular weight less than 1000 Da. 
These contaminates are known as lower molecular weight organic compounds (LMWOCs) 
ind are often made up of persistent organic pollutants (POP) that are unlikely to decay 
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rapidly in the natural environment. POPs are generally applied to agricultural areas and 
leach into the soil eventually making their way into ground and surface waterways. 
2.4. Persistent Organic Pollutants 
Persistent organic pollutants are frequently found in personal care products and agricultural 
chemicals. Traces of personal care products inevitably find their way into domestic waste 
water. Although waste water is treated, POPs from person care products often make their 
way into natural waterways (Wang et al., (2010). The use of herbicides and pesticides to 
improve agricultural yield is common practice (Chen et al. 2004). To limit the effects of 
herbicides and pesticides on the natural environment, regulations exist to limit their use 
near waterways. However, POPs can leach into leach into areas of groundwater in the soil 
and subsequently flow into surface waterways. The presence of POPs in natural waterways 
often causes them to become contaminants in drinking water (Chen et al. 2004). POPs have 
been found great distances from their original source due to their persistence in the natural 
environment, with many POPs found as far away as the waters around Antarctica. 
Examples of POPs include: 
• 2-Methylisobomeol (MIB) (C11H 200) 
• Aldrin (C12H8Cl6) 
• Alpha hexachlorocyclohexane (C6H6Cl6) 
• Ametryn (C9H 17N5S) 
• Atrazine (C8H14ClN5) 
• Beta hexachlorocyclohexane (C6H6Cl6) 
• Chlordane (C10H6Cl8) 
• Chlordecone (C10Cl100) 
• Cyanazine (C9H13ClN6) 
• DDT (C14H9Cl5) 
• Dieldrin (C12H8Cl60) 
• Diuron (C9H10Cl2N20) 
• Endrin (C12H8Cl60) 
• Geosmin (C12H220) 
• Heptachlor (C10H5Cq 
• Hexabromobiphenyl (C12H4Br6) 
• Hexabromodiphenyl ether and heptabromodiphenyl ether 
• Hexachlorobenzene (HCB) (C6Cl6) 
• Lindane (C6H6Cl6) 
• Mirex ( C10 Cl12) 
• Pentachlorobenzene (C6HC15) 
• Perfluorooctane sulfonic acid (C8HF170 3S), its salts and perfluorooctane sulfonyl 
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fluoride (C8F180 2S) 
• Polychlorinated biphenyls (PCBs) 
• Polychlorinated dibenzo-p-dioxins (dioxins) 
• Polychlorinated dibenzofurans (furans) 
• Technical endosulfan and its related isomers (alpha- endosulfan and beta-
endosulfan) (C9H6Cl60 3S) 
• Tetrabromodiphenyl ether (C12H6Br40) and pentabromodiphenyl ether (C12H5Br50) 
• Toxaphene (C10H 22Cl8) 
2.4. 1 Stockholm Convention on Persistent Organic Pollutants 
The Stockholm Convention on Persistent Organic Pollutants is a global treaty that was 
adopted in 2001 and enacted in 2004 and requires signatories to end and/ or limit the use 
of a select group of harmful POPs (US Environmental Protection Agency 2002). The Swiss 
based convention is administered by the United Nations Environment Programme and 
initially contained 12 different POPs. A further nine POPs where added in 2009 along with 
technical endosulfan and its related isomers in 2011. Signatories to the treaty include 
Australia and the United States. The POPs covered by the treaty are described below 
(Secretariat of the Stockholm Convention 2012): 
2.4.2. POPs that are required to be eliminated under the treaty: 
Aldrin: Aldrin is a pesticide that is used to treat termites, grasshoppers, com rootworm 
and other insects. However, in high enough doses it can also kill birds, fish and humans. 
Aldrin in highly lipophilic and the solubility in water is only 0.027 mg/L. Humans are 
generally exposed to aldrin through dairy products and meat. The average daily human 
consumption of aldrin and its by-product dieldrin is around 19 micrograms (5 grams is 
required to kill a human). 
Chlordane: Chlordane is an insecticide used on a variety of crops and to control termites. 
The solubility of chlordane in water is 0.009 ppm. It is known to remain in soil for a long 
period of time and can be lethal to certain bird and marine species. It is generally thought 
that human consumption occurs via air and has an effect on the immune system as well as 
being a possible carcinogen. 
Chlordecone: Chlordecone is agricultural pesticide that is not currently known to be produced 
or used. It is highly persistent in the environment and can be transported over long distances. 
It is extremely toxic to aquatic life and is thought to be cacogenic in humans and linked to 
prostate cancer. 
Dieldrin: Dieldrin is an insecticide that is used to control termites, textile pests and insects 
living in agricultural soils. Aldrin transforms to dieldrin in the environment, hence, dieldrin 
concentrations in the environment exceed its actual use and has a half-life of 5 years in 
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temperate climate. It is highly toxic to aquatic life, especially frogs. Like aldrin, dieldrinis 
usually consumed by humans in the form of tainted food. Dieldrin is linked to Parkinson's 
breast cancer and immune, reproductive and nervous systems damage. ' 
Endrin Endrin (stereo isomer of dieldrin) is an insecticide used on crops such as cottons 
and grains. It is also used on vermin including mice and voles. It is highly toxic to aquatic 
life and its half-life in soil is over 10 years. Exposure to humans generally occurs through 
food. 
Heptaclzlor: Heptachlor is an insecticide used on soil insects and mosquitoes. It is toxic to 
birdlife and is believed to be responsible for the declining population of a number of bird 
species. Its solubility in water is 0.056 mg/L. Heptachlor is possibly carcinogenic in humans 
with food being the primary source of consumption. 
Hexabromobiphenyl: Widely used in the 1970's as a fire retardant, hexabromobiphenylisno 
longer produced or used in most countries. It is highly persistent in the environment and 
has the ability to be transported over long distances through the environment. It is possibly 
carcinogenic to humans as well as having other toxic effects. 
Hexabromodiphenyl ether and heptabromodiphenyl ether : Hexabromodiphenyl ether and 
heptabromodiphenyl ether are the main ingredients in the commercial flame retardant 
octabromodiphenyl ether. They are highly persistent in the environment and have a high 
tendency for long-range transport. 
Hexachlorobenzene (HCB): HCB is a fungicide used for the treatment of seeds as well as 
being a by-product of a number of industrial chemicals. It has very low solubility (2 x 10-s 
M). The consumption of HCB treated grain has been linked to illnesses including 
photosensitive skin lesions, colic, the debilitation metabolic disorder porphyria turcica, 
and in some cases death. Studies have shown that it can be present in large variety of food 
types including meat. 
Alpha hexachlorocyclohexane and beta hexachlorocyclohexane: The use of alpha and beta 
hexachlorocyclohexane as an insecticide was discontinued a number of years ago. However, 
both chemicals are still produced today as a by-product of the manufacture of lindane. 
Between 6 and 10 tons of by-products are produced for every ton of lindane ensuring that 
alpha and beta hexachlorocyclohexane remain a risk to the environment long after they 
were phased out. Both chemicals are susceptible to long-range transport and remain highly 
persistent in cold regions. Alpha and beta hexachlorocyclohexane are believed to be 
cariogenic to humans and detrimental to the health of wildlife. 
Lindane: Lindane insecticide used for treating seed, soil, wood and timber, application 
through foliage, and against ectoparasites in humans and animals. Lindane is persistent 
within the environment, bio -accumulates easily in the food chain and is susceptible to 
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long range transport. It has been shown to have toxic effects on laboratory animals and 
aquatic life such as reproductive and developmental issues. The product of lindane has 
declined rapidly in recent years with only a few countries still producing it. 
Mirex: Mirex is an insecticide used to treat ants and termites. It is present as a fire retardant 
in certain types of plastics, rubber, and electrical goods. Although direct exposure is not 
known to cause immediate harm to humans, mirex is thought to be carcinogenic as well as 
being toxic to aquatic life. It is a persistent chemical with a half-life of up to 10 years. 
Pentachlorobenzene (PeCB): PeCB had a number of uses including as a fungicide, an ingredient 
of PCB products, in dyestuff carriers, a flame retardant and as a chemical intermediate in 
the production of quintozene. It continues to be produced as a by-product of combustion, 
thermal, and industrial processes. PeCB is highly persistent in the environment, easily bio-
accumulates and is susceptible to long-range transport. Although it is only moderately 
toxic to humans, PeCB is considered highly toxic to aquatic life. 
Polychlorinated biphenyls (PCB): PCB is commonly used in heat exchange fluids, in electronic 
components, and as additives in paint, carbonless copy paper, and plastics. PCB is highly 
toxic to fish and has been linked to reproductive failure and suppression of the immune 
system in wild animals including seals and mink. Consumption of PCB through food has 
been known to cause minor illnesses in humans such as pigmentation of nails and mucus 
membranes, swelling of the eyelids, fatigue, nausea, vomiting, and development delays 
and behaviour problems in children. It is also considered a possible carcinogenic. The 
persistence of PCB in the environment is dependent on the amount of chlorination with its 
half-life varying from 10 days to 18 months. 
Technical endosulfan and its related isomers (alpha-endosulfan and beta-endosulfan): Technical 
endosulfan is a mixture of alpha-endosulfan and beta-endosulfan as well as a number of 
impurities. Endosulfan is used to control a variety of pests on crops such as coffee, cotton, 
rice, sorghum, and soy. Between 18,000 and 20,000 tonnes of endosulfan is used annually 
around the world, including in countries such as Australia and the USA. Endosulfan is 
toxic to humans and has an undesirable impact on aquatic life. It is also highly persistent 
in the environment, bio-accumulates easily, and is prone to long-range transport. For this 
reason, it use is being phased out in a number of countries. 
Tetrabromodiphenyl ether and pentabromodiphenyl ether: Together, tetrabromodiphenyl ether 
and pentabromodiphenyl ether are the main elements of the commercial fire retardant 
pentabromodiphenyl ether. They are persistent in the environment, easily bio-accumulate, 
and are highly susceptible to long range transport. They are believed to be toxic to a number 
of different types of wildlife including mammals. Although similar alternatives exist, they 
· too may have an adverse effect on the environment. 
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Toxaphene: Toxaphene is an insecticide used to treat cotton crops, cereal grains, fruits, nuts 
vegetables, and ticks and mites in livestock. It is highly persistent in the environment with 
elements of toxaphene being able to persist in soil for up to 12 years. Humans are generally 
exposed to toxaphene through food and although it is not considered to be highly toxic, it 
is considered a possible cariogenic. It is highly toxic to fish and aquatic life. Toxaphene is 
volatile and can be transported for long distances through the atmosphere. 
2.4.3. POPs that are required to be restricted under the treaty (Secretariat of the 
Stockholm Convention 2012): 
DDT: From World War II onwards, DDT has been used to control insects carrying diseases 
such as malaria and typhus. It has also been used as an insecticide on a number of crops 
such as cotton. Due to its persistence and widespread use, traces of DDT can be found all 
over the world, including the Arctic region. It is known to have an adverse impact on bird 
populations, especially birds of prey. For this reason, its use in many countries has been 
banned. Although many countries banned it as far back as the 1970's, traces continue to be 
found in food sources. Long term DDT exposure on humans can lead to a number of chronic 
health issues. 
Perfluorooctane sulfonic acid (PFOS), its salts and perfiuorooctane sulfonyl fluoride: PFOS is used 
in electronic parts, fire fighting foam, photo imaging, hydraulic fluids and textiles. It is 
unintentionally produced during the degradation of related anthropogenic chemicals. PFOS 
is extremely persistent in the environment, can bio-accumulate and bio-magnify, and is 
susceptible to long-range transport. Unlike other POPs, it binds to proteins in the blood 
and liver rather than partitioning into fatty tissues. PFOS continues to be used in some 
developing countries as well as in applications where a viable alternative does not exist, 
including photo imaging, semi-conductors, and aviation hydraulic fluid. 
2.4.4. POPs that require a reduction in unintentional releases under the treaty: 
Polychlorinated dibenzo-p-dioxins (dioxins); There are 75 different dioxins, of which 7 are a 
concern. They are unintentionally produced from the burning of hospital, municipal and 
hazardous waste, automobile emissions, and the burning of peat, wood and coal. They 
have been linked to a number of health issues in humans including immune and enzyme 
disorders, and chloracne. They are also a possible human carcinogens. There is evidence to 
suggest that they are toxic to fish. 
Polychlorinated dibenzofurans (ju.rans): There are 135 different furans with toxicity levels 
varying among them. Furans are produced from the same practices that create dioxins as 
well as during the production of PCBs. They are highly persistent in the environment. 
They are considered possible carcinogens with human consumption occurring mainly 
through food. 
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Hexachlorobenzene (HCB), Pentachlorobenzene and Polychlorinated biphenyls also 
belong to POPs that require reduction in unintentional releases. 
2.4.5. Other POPs 
A number of POPs not included in the Stockholm convention are described below: 
Ametryn: Ametryn is a herbicide that forms part of the most widely used group of herbicides 
known as triazines (Koohpaei et al. 2008). It is commonly used to control broadleaf and 
grass weeds in crops such as corn, pineapple and sugar cane (Gao, et al. 2009; Jacomini et 
al. 2009; US Environmental Protection Agency 2005). Although it is considered to be low to 
slightly toxic, it can pose a threat if consumed in high enough doses (US Environmental 
Protection Agency 2005). However, ametryn is considered to be highly toxic to aquatic life 
such as crustaceans and molluscs (Gao, et al. 2009). 
Ametryn has the capacity to be able to leach into groundwater sources and eventually into 
surface water. Research has shown that traces of ametryn found in wastewater can be very 
difficult to remove during the treatment process (Gao, et al. 2009). In one particular case, 
Farre et al. (2002) found that it took up to 18 days to remove 94% of ametryn in a sample of 
wastewater. 
Atrazine: Atrazine is one of the most commonly used herbicides in the world (Hayes et al. 
2010) and is used to target broadleaf and grassy weeds in crops such as corn, sorghum, 
rangeland, sugarcane, pineapples and in macadamia orchards (Prager 1996). Due to its 
persistence in soil, mobility in water and high level of use in North America, atrazine is the 
most commonly detected pesticide in US waterways with a study showing 23% of 
groundwater wells around the US contaminated with the compound (Levine 2007). Its 
persistence in groundwater is such a problem, it has subsequently been banned in the 
European Union (Ackerman 2007). 
Although organisations such as the US Environmental Protection Agency argue that there 
is a minimal risk to human health if atrazine is used according to regulations (Ackerman 
2007), studies have shown that it could be carcinogenic. One particular study found that 
atrazine caused higher than normal rates of prostate cancers in the employees of a factory 
that produced the compound (Levine 2007). The ADWG (2004) recommend a maximum 
level of 0.0001 mg of atrazine per litre of water. The guidelines recommend that the source 
of concentrations above that level should immediately be identified and measures taken to 
limit its leakage into the water supply (National Health and Medical Research Council & 
Natural Resource Management Ministerial Council 2004). Atrazine also poses a risk to 
aquatic life with even low concentrations in waterways causing harm to flora and fauna 
(Prager 1996). 
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Diuron: Diuron is a herbicide that inhibits photosynthesis by blocking electron transport in 
photosystem II (Ricart et al. 2009). When applied, it is initially drawn in by the roots where 
it is carried by sap towards the leaves and begins to inhibit photosynthesis. It is commonly 
used to eradicate weeds in non-agricultural areas such as roadsides and parks (Oturan et 
al. 2008). Various studies have shown that diuron can be found in surface water (Ricartet 
al. 2009) with a study conducted by Blanchoud et al. (2004) detecting it in both agricultural 
and urban areas. Diuron has been detected in the Great Barrier Reef and has been shown 
to have adverse effects on the coral present in the reef Gones et al. 2003). 
Although it is considered to be low in toxicity to humans (Fernandes et al. 2007), diuron is 
believed to be carcinogenic in humans when consumed in high enough quantities. In very 
low concentrations can be harmful to aquatic fauna and flora (Oturan et al. 2008; Prager 
1996). Studies have linked diuron to potential genotoxic effects on humans resulting in 
side effects that include fertility issues (Canna-Michaelidou & Nicolaou 1996; Fernandes 
et al. 2007; Oturan et al. 2008). The ADWG (2004) recommends that the quantity of diuron 
present in water be no more than 0.03 mg/L. This value is based on 10% of the acceptable 
daily intake (NHMRC & NRMMC 2004). 
Geosmin: Geosmin is a compound produced from actinomycetes and cyanobacteria found 
in water or soil that causes a musty odour in soils and is often present in natural waterways 
(Hendricks 2011; Young et al. 1996). Although it is not considered to be toxic to humans 
and other mammals (Blaha et al. 2004), its presence in water is generally unwelcome due 
to the undesirable taste it produces. The taste threshold of geosmin is only 0.00001 mg/L 
(National Health and Medical Research Council & Natural Resource Management 
Ministerial Council 2004). Geosmin has also become a concern to the fishing industry 
because of the undesirable taste caused in fish that have been exposed to water contaminated 
with the compound (Guttman & van Rijn 2009). 
2-Methylisoborneol: 2-Methylisoborneol (commonly known as MIB) is a compound often 
found in water that causes an undesirable taste and odour (Hendricks 2011). Like geosmin, 
MIB is an unwelcome contaminant due to its presence causing an undesirable taste in 
drinking water and in fish exposed to the compound (Guttman & van Rijn 2009). 
3. WATER TREATMENT 
The treatment of water before consumption is considered to be one of the most influential 
factors in the prevention of disease. The traditional method of treating water involves the 
addition of various chemicals at different stages (Sarkar, Venkateswralu, et al. 2007). The 
most common form of treatment is the use of chlorine as a disinfectant (Rossman, Clark & 
Grayman 1994). Although it very effective in reducing the levels of microorganisms and 
micro-pollutants, it is not an effective means of removing certain types of pesticides and 
herbicides (Sarkar, Venkateswralu, et al. 2007). Conventional and developing methods for 
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Table 1: Properties of some common Persistent Organic Pollutants 
Chemical Chemical Molecular 
Formula Structure Weight (g/mol) 
/s"r(~'~ 
Ametryn C9H1;NsS 
·9· 227.35 
HNY 
NH_/ 
N~ 
Atrazine CsH14ClNs NH-<o N 215.69 
-< N:=:\ 
Cl 
Cl 
Diuron C9H10Cl2N20 \ ""-6" 233.09 N--< I a 
Geosmin C12H220 cb 182.30 
OH 
MIB 168.27 
removing persistent organic pollutants are outlined below. 
3.1. Coagulation/Flocculation 
Solubility in 
water (ppm) 
185 
(at 20°C) 
70 
(at 25°C) 
42 
(at 25°C) 
157 
(at 25°C) 
305 
(at 25°C} 
The coagulation/ flocculation process is a common method of removing pollutants and is 
often included in the conventional water treatment process for the removal of colloidal 
particles (Thuy et al. 2008). A number of studies have shown that under the right conditions, 
coagulation and flocculation can lower the concentration of pesticides from polluted samples 
of Water (Thuy et al. 2008). 
Coagulation works by neutralising the charge of the pollutant particles. A coagulant with 
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the opposite charge to that of the pollutant particles is added to the water. The coagulant 
then neutralises the charge of the pollutant particles allowing them to stick together and 
form slightly larger particles called microflocs (Minnesota Rural Water Association (MRWA
1 
2011). Although the particles are now larger than what they originally were, they are still 
not large enough to be visible to the naked eye (MRWA 2011). 
Following coagulation, the process of flocculation may occur. Flocculation involves 
increasing the particle sizes from sub-microscopic microfloc to visible suspended particles 
(MRW A 2011 ). This is achieved by slowly mixing the solution to allow the microfloc particle 
to bond together and form larger particles called pinflocs. The pinflocs are large enough to 
be visible to the naked eye and can be removed using traditional filtration methods or 
through membrane filters (MRW A 2011 ). 
Common coagulants used in the removal of pesticides include aluminium sulphate 
(Al2(S04) 3), ferric sulphate (Fez(S04)), and polyaluminium chloride (El-Dib & Aly 1977; 
Ormad, M. P. et al. 2008; Sarkar, Venkateshwarlu, et al. 2007). 
3.2. Membrane Filtration 
Membrane filtration is a separation process that removes particle matter from water 
(Malcolm Pirnie Inc. et al. 2005). Several forms of membrane filtration exist, with each type 
having different properties and applications. Common types of filtration include 
microfiltration (MF), ultrafiltration (UF), nano-filtration (NF), and reverse osmosis (RO). 
Water that is to be treated by membrane filtration generally requires pre-treatment before 
it can pass through the filter. Particles in the water that are much larger than what the 
membrane is designed to filter have tendency to foul the system (Bergman 2007). Fouling 
is a build-up of contaminates on the surface of the membrane that obstructs the flow of 
water. This problem can be prevented by screening the water through a standard filter 
upstream of the membrane (Bergman 2007). Other pre-treatment processes that are generally 
necessary involve adding acid, scale inhibitor, or both substances to the untreated water to 
prevent precipitation of soluble salts (Bergman 2007). 
Membrane 
Reverse Osmosis 
Nano-Filtration 
Ultrafiltration 
Microfil tra ti on 
Table 2: Comparison of properties between each form of 
membrane filtration (Grobbelaar 2009) 
Particle Size Removed (µm) 
< 0.001 (1 nm) 
< 0.001 (1 nm) 
0.001 - 0.1 
0.1-100 
Trans-Membrane Pressure (bar) 
20-100 
7-30 
1-10 
0.5-5 
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Water that has been treated through RO or NF systems removing any dissolved solids has 
a tendency to be very corrosive with very low alkalinity (Bergman 2007). Any acid added 
in the pre-treatment phase also contributes to the corrosiveness of the water. Water with 
high levels of acidity can damage pipes and distribution systems. This can be overcome by 
adding a base such as sodium hydroxide to raise the pH and convert carbonic acid to 
bicarbonate (Bergman 2007). 
Unlike UF and MF, the smaller pore sizes of RO and NF membranes make them ideal for 
removing LMWPOPs. 
3.2.1 Reverse Osmosis 
RO involves the movement of a solvent such as water through a semi-permeable membrane 
from a higher state of concentration to a lower state of concentration. As this movement 
acts against the natural osmosis process, pressure greater than the natural process needs to 
be applied in order to achieve reverse osmosis (Malcolm Pirnie Inc. et al. 2005). RO 
membranes are increasingly being utilised in the removal of pollutants such as POPs and 
NOM (Bergman 2007). 
The flow through a RO membrane is directly proportional to the applied pressure minus 
the osmotic pressure and can be defined as (Bergman 2007): 
Qp = K_.,A(AP-An) 
Where: 
Qr = permeate flow 
K = mass transfer coefficient 
w 
A = membrane surface area 
L\.P = transmembrane pressure differential 
L\.rc =osmotic pressure differential 
Salt flow through the membrane can be defined as (Bergman 2007): 
Q3 = K8 AAC 
Where: 
Qs = site-specific salt flow 
Ks = solute flow constant 
A = surface area 
D.C = concentration differential across the membrane 
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Due to eventual fouling of the RO membrane, cleaning is generally required. This can be 
done using cleaning solutions such as citric acid or sodium hydroxide (NaOH) (Kim 2011). 
3.2.2. Nano-filtration 
Nano-filtration is a semi-permeable membrane separation process that removes particles, 
certain salts and organic matter using a pressure-driven system (Bergman 2007). NF uses 
the principle of RO, however, it differs from the latter in that it operates at lower pressures 
due to the membranes being more permeable than those used in RO (Grobbelaar 2009). 
Like RO, nano-filtration is increasingly being used in the removal of POPs and NOM 
(Bergman 2007). 
3.3. Nanoparticles 
Nanoparticles are particles that range in size from lnm up to SOnm (Zhou et al. 2009). 
There are a growing number of potential applications for nanoparticles due to their unique 
electronic, optical, magnetic and catalytic properties (Zhou et al. 2009). One such application 
is the use of nanoparticles for treating water, in particular for removing LMWPOPs. As 
many organic molecules are small enough to fit through membrane filters (Jegatheesan et 
al. 2012), it is often necessary to increase the size of the pollutant molecules. Like the 
coagulation/ flocculation process, it is easier to remove pollutants if larger molecules can 
be formed from the smaller ones. Unlike the coagulation/ flocculation process that bonds 
the pollutant molecules together to form a larger particle, the nanoparticle process forms a 
larger particle by attracting the pollutant molecules to the nanoparticle itself. Common 
nanoparticles include gold and silver (Pradeep & Anshup 2009; Zhou et al. 2009). 
3.4. Adsorption using Activated Carbon 
Adsorption is a commonly used method for removing organic pesticides. Activated carbon 
(charcoal) in the form of powder, fibre or carbon cloth can be used to remove pesticides 
from water (Sarkar, Venkateswralu, et al. 2007). The pollutant is attracted to the surface of 
the adsorbent (the activated carbon) where it can form physical or chemical bonds. The 
advantage of carbon is that it can have a large surface area and the pore structure can be 
controlled, thus making it suitable for the removal of many types of pesticides from water 
(Foo & Hameed 2009). 
Although it is an effective method for the removal of organic pollutants, adsorption using 
activated carbon is quite an expensive process. For this reason, other absorbents have been 
investigated with varying levels of success. These include diatomaceous earth, kaolin, 
montmorillonite, bentonite clays, iron oxides, and silver complexed chitosan micro-particles 
(Sarkar, Venkateswralu, et al. 2007). 
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3.5. Membrane Bioreactor 
An emerging method of removing organic pollutants is the use of a combination of 
membrane filters with wastewater bioreactors known as a membrane bioreactor (MBR) 
(Cho & Fane 2002; Navaratna & Jegatheesan 2011). A MBR is a suspended growth-activated 
sludge system that incorporates micro-porous membranes for solid/liquid separation 
instead of secondary clarifiers (Radjenovi<E et al. 2008). The main advantage of an MBR is 
its ability to retain all microorganisms, resulting in an increase in sludge concentration and 
complete disinfection of treated water (Jegatheesan et al. 2012). MBRs have had success in 
removing persistent organic pollutants in water. In one particular study Liu, et al. (2008) 
reporting atrazine removal above 90% in an MBR bio-augmented with genetically 
engineered microorganism. 
3.6. Emerging Technology in the Destruction of POPs 
Jn2004 the Scientific and Technical Advisory Panel of the GEF, United Nations Environment 
Programme released a review on emerging and innovative technology for the destruction 
of POPs. Of all the forms of technology listed, the panel recommended only five as 
promising, emerging and innovative. They were (McDowall et al., 2004): 
• Ball milling 
• GeoMelt™ Process 
• Mediated Electrochemical Oxidation (CerOx) 
• Mediated Electrochemical Oxidation (AEA Silver II Process) 
• Catalytic 
4. EFFICIENCY OF WATER TREATMENT TECHNIQUES 
The different water treatment methods listed above have varying levels of success in 
removing different types of pesticides. Table 3 examines the effectiveness of these methods 
in removing different types of POPs. As the data shows, RO is generally the most effective 
method in removing pesticides. 
5. ORGANIC COMPOUND REJECTION MODEL 
It is often useful to know what the rejection of a certain compound will be through a 
membrane filter without conducting practical experiments. Research done by Kiso et al. 
(2011) provided a method of determining the theoretical removal of pesticides through a 
given pore size. Outlined below is a method used to determine the theoretical rejection. 
Assume the uncharged solute is removed by sieving effects only and describe this with a 
Sterle partitioning coefficient <D. Then if the solute shape can be approximated with a 
rectangular prism, rather than a sphere, one can better describe the removal of the solute 
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Table 3: Comparison of the removal efficiency of various water treatment methods 
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= !U e ~ 0 ..o ... e ,.Q !U .s ,..0 ... QI Q = I.I e "O QI e :::: "O e "" "C .... 0 "O 0 >. Q., >. .... "a QI .... o- 8.c:~e .... QI ~= I.I .c:: I.I .c:: 
--
fr~ QI .c:: QJ :::: QI .c: ... :s =:::: § ~ c: ... ~ .... 0 .... 0 ~ ..... c 
"' -
0 ::.: ~ 
"O I.I N N N ,.. 
< !U 0 0 0 :;:: 
Aldrin 97.li 100ii 95.3-95.97iii 40iv 45v 4ovi 7Qvii 
Ametryn ::::; 62-81 96.1-99.7 60viii 20-40ix 25iv 25v 5vi 35vii 
Atrazine 99,3x 97.82xi 55viii 94xii 15iv 15v lQvi 2ovii 
Chlordane 2.7 0.7 
Cyanazine 96.81 
DDT 56.8-89.2 100 9oviii 15 10 20 60 
Dieldrin 99.0xix 10oxx 95.3-97.18xxi 20iv 15v 5vi 25vii 
Diuron 50.1-85.1 50.2-88.7 65viii 15iv 15v 5vi 30vii 
a-Endosulfan 80viii 40iv 20v lQvi so vii 
Endrin g5viii lQiv 5v lQvi 2ovii 
Geosmin ::::;98 
Heptachlor 10oxxii 96.19-96.76xiii 40iv 2ov 3ovi 5ovii 
Hexachlorobenzene 9oviii 15iv 5v 5vi 2ovii 
Lindane 98.95xxiv 
MIB ::::;98 
i. Desal51HL NF membrane used at 8 bar, 25°C (Caus et al. 2009). 
ii. Results obtained using CA and/ or NS-100 membranes at 40.8 atm(Chian et al. 1975). 
iii. Results obtained using activated vegetal carbon with solutions containing 2-2.Smg/L of pesticide at 20±2°C 
(Bandala et al. 2006) 
iv. Ozone dose used was 3 mg 0 3L-1(0rmad et al. 2010). 
v. Ozone dose used was 3 mg 0 3L-1 and hydrogen peroxide dose used was 1.5 mg L-1(0rmad et al. 2010). 
vi. Ozone dose used was 3 mg 0 3L-1 and titanium dioxide dose used was 1 g L·1(0rmad et al. 2010). 
vn. 3 mg 0 3 L-1, 1.5 mg Hp2 L-1and 1 g Ti02 L-1(0rmad et al. 2010). 
viii. 10 mgL-1 powdered activated carbon introduced into sample and shaken for 5 minutes (Ormad et al. 2008). 
ix. Hybrid lab-scale MBR with hydraulic retention time ranging from 7.8 to 15.6 h for an average influent 
ametryn concentration of 0.8 mg/L(Navaratna et al.). 
x. Results obtained using NF90 membrane in a single solute system at 5 bar (Plakas & Karabelas 2008) 
xi. Results obtained using CA and/ or NS-100 membranes at 40.8 atm(Chian et al. 1975). 
xii. Average removal using a MBR bio-augmented with genetically engineered microorganisms with hydraulic 
retention time of 8h and average initial atrazine concentrations 48.2 mg/(L.d) (Liu & Huang 2008). 
xiii. Average removal with ozone dosages of l.5mg/L (Dl), 4.0mg/L and 8mg/L (SR-NOM), 3.1 mg/L (CRW), 
3.5 mg/L (ORW) and 3.0mg/L (OJ 0.025mg Hp2 per mg of 0 3. (Snyder et al. 2004) 
xiv. Results obtained using CA and/or NS-100 membranes at 40.8 atm(Chian et al. 1975). 
xv. pp' -DDT: Ozone dose used was 3 mg 0 3L-1(0rmad et al. 2010). 
xvi. pp' -DDT:Ozone dose used was 3 mg 0 3L-1 and hydrogen peroxide dose used was 1.5 mg L-1(0rmadet al. 2010). 
xvii. pp' -DDT: Ozone dose used was 3 mg 0 3L-1 and titanium dioxide dose used was 1 g L-1(0rmad et al. 2010). 
xviii. pp' -DDT: 3 mg 03L-1, 1.5 mg HP2 L-1and 1 g Ti02 L-1(0rmad et al. 2010). 
xix. N30FNF membrane used at 8 bar, 25°C (Caus et al. 2009). 
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xx. Results obtained using CA and / or NS-100 membranes at 40.8 atm(Chian et al. 1975). 
xxL Results obtained using activated vegetal carbon with solutions containing 2-2.Smg/ L of pesticide at 20±2°C 
(Bandala et al. 2006) 
""'' Results obtained using CA and / or NS-100 membranes at 40.8 atm(Chian 1975). 
xxiiL Results obtained using activated vegetal carbon with solutions containing 2-2.Smg/ L of pesticide at 20±2°C 
(Bandala et al. 2006) 
xxi v Results obtained using CA and / or NS-100 membranes a t 40.8 atm(Chian 1975). 
(Figure 1 ). The characteristic length and width of the solute can be found using the molecular 
modelling software MOP AC 2009. Thus, to determine the theoretical solute rejection, ~(call' 
a number of factors must be known. The pore size of the membrane (r ), the applied pressure p (AP) and the dimensions of the molecule are required. The dimensions of the molecule refer 
to the maximum length of the molecule (L) (distance from the two outer most atoms plus the 
atom's Van der Walls radius) and the width (MWd) perpendicular to the maximum length. 
Molecule at an angle a to the 
membrane surface ~ 
bulk feed flow 
Concentration 
Polarisation layer 
I 
concentration outside pore inlet, C i w 
, 
concentration 
inside pore l inlet 1 
concentration 
inside pore 
outlet 
Figure 1: Steric rejection mechanism of a molecule by a membrane 
sing the above information and the following equations, the theoretical solute rejection 
an be found (Kiso et al., 2011; Keir and Jegatheesan, 2012): 
rpX1 X10- 9 
ore length (m) f),x = --'------
' Bx11 0 x l.4x10- 12 
ere 170 =viscosity of the bulk water phase= 0.001 Pas 
(1) 
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r =pore size of the membrane (nm) p 
Stokes radius (nm), r8 = 1.42(MWd X 10-9)- 0.142 x 10-9 
rs 
Ratio of solute radius to effective pore radius, A = rp 
Enhanced drag coefficient, K-1 (A.) = 1.0- 2.3A. + 1.15412 + 0.224A.2 
Lag coefficient, G(A.) = 1.0 + 0.054A.- 0.988A.2 + 0.44U3 
Hindrance factor for diffusion, Ka= K-1 (;1,) 
(2) 
(3) 
(4) 
(5) 
(6) 
As solute is non-spherical, orientation at an angle a to the pore surface affects proportion 
of pore area available to solute and the probability of solute molecule being oriented at an 
angle a to the pore surface is p(a )=sin a. This choice of function gives highest 
probability at a= n/2; corresponds with molecule tending to orientate itself along fluid 
streamlines through pore. Overall partition coefficient, <P calculated by numerical integration: 
Hindrance factor for diffusion, Kc= (2 - <P)G(A.) 
Where <P =overall solute partition coefficient= f :h <P(a)p(a)da 
Viscosity of water in a pore (Pa s ), TJ = 1/o l 1 + 18 (~) - 9 (~) 2 j 
Where d = thickness of one water molecule = 0.28nm 
lcT 1 
Diffusivity in a bulk solution (m2s-1), D = 6mi x:;; 
Where k =Boltzmann constant = 1.38 x 10-28 J K71 and T =Temperature (K) 
Hindrance diffusivity with modification of viscosity, DP = KaD 
rp21!P '~) Pure water flux (m3nr2s-1), fw =---;;;--\A; 
Where A1c =assumed membrane porosity 
rp'.1.(ilP-l!Jrr) 
Water flux (m3m-2s-1) I = -'-----
, v 87}.:'.l.x 
Where fJ.n =Osmotic pressure difference (Pa) 
Keh&: 
Peclet number, Pe = -r;;;-
Solute rejection(%), Rj(cal) = ( 1- l-[l-4';c~.:tT1(-PsJ X 100 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
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We know everything in the above equation except the water flux f v which could be calculated 
by Hagen-Poiseuille equation, but would need to know osmotic pressure on permeate side 
which means we need a value for the rejection. Thus f v could initially be approximated by 
assuming that the osmotic pressure on permeate side is zero and step through time and use 
the osmotic pressure from the previous time step. Thus, initial flux approximation would be 
r; (M-I1w) J =-'-----
v, t=O 877.dx (16) 
where n w is osmotic pressure at membrane surface on feed side, 17 is viscosity, M is 
transmembrane pressure. The updated flux approximation would be 
J = r;(M - ~I11 _ 1 ) 
v ,t=I 877L1X (17) 
where ~n 1_1 is osmotic pressure difference across membrane from previous time step. 
Rejections obtained for ametryn, atrazine and diuron using the above method are shown 
in Figure 2. Although the theoretical predictions overestimate the rejection, they help to 
estimate the contributions of other factors that affect the rejection of those molecules. 
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Figure 2: Theoretical removal of herbicides by membranes with different pore sizes 
(a) Ametryn (molecular length = 12.48 A; molecular width = 6.05 A) 
(b) Atrazine (molecular length = 10.36 A; molecular width = 8.02 A) 
(c) Diuron (molecular length = 13.04 A; molecular width = 4.92 A) 
6. CASE STUDIES 
6.1. Case Study 1 
The first case study by Wang et al. (2010) focused on one particular pesticide, diuron, and 
the influence of ionic conditions and operating pressures on the rejection rate through a 
nano-filtration membrane. The study found that better rejection rates could be achieved 
Pe1j(m11ance of treatment technologies in removing lower molecular \\'eight persistent pollutants I 265 
with intermediate ionic strength (0 - 0.02M) and a lower operating pressure (at 5 bar as 
opposed to 25 bar). The study also found that a larger ionic strength had a shielding effect 
on the adsorption of diuron, with the effect much greater at 5 bar than at 25 bar. 
6.2. Case Study 2 
The second case study by Chen et al. (2004) explored the influence on pesticide removal in 
nano-filtration membrane from molecular weight, molecular size and flux. The study found 
that an increase in molecular weight would lead to increase in pesticide rejection through 
the NF filter. It was found that atrazine had a rejection of between 86% - 95% through the 
membrane and diuron had a rejection rate of between 50% - 85% depending on the 
conditions. The study also found that molecular length was more influential on rejection 
than molecular width. 
6.3. Case Study 3 
The next case study was conducted by Boussahel et al. (2000) on the effects of the presence 
of organic and inorganic matter on the removal of a number of pesticides using NF 
membranes. It was found that the presence of organic matter (humic acid) and inorganic 
matter (sulfates and chlorides) helped to improve the rejection of the pesticides through 
the NF membranes (with the exception of diuron). This occurred due to either 
macromolecules forming with the pesticide molecules or by similarly reducing the pore 
size of the membranes. 
6.4. Case Study 4 
A study conducted by Lipp et al. (2010) into the removal of organic micro-pollutants using 
RO and NF membranes found that the molecular weight of the pollutant had an impact on 
compound rejection with a larger molecular weight resulting in greater rejection. The study 
also found that the RO membranes performed better than their NF equivalents in removing 
the pollutants. 
6.5. Case Study 5 
The final case study by Wang et al. (2009) investigated the influence that coagulation has 
on the removal of lower molecular weight organic compounds by nano-filtration. The study 
found that coagulation improved compound removal but increased membrane fouling. 
~e study also found the addition of NaCl rather than poly-aluminium chloride resulted 
II\ better removal with no further fouling of the membrane. 
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7. CONCLUSION 
The overwhelming reliance on persistent organic pollutants such as pesticides Will 
inevitably mean that the contamination of waterways will continue to occur. As research 
increases into the adverse health effects of these pollutants on the human body, the need to 
remove them from water sources becomes even more important. The techniques to remo~e 
organic pollutants continue to improve, not only in terms of removal efficiency, but also in 
cost and capacity. Any system that is to be successful in an industrial environment needs 
to be cost effective whilst still being able to treat large capacities of water. The advancement 
of water treatment technology will undoubtedly mean better quality water and improved 
health benefits for those that consume it. 
REFERENCES 
Ackerman, F 2007, 'The Economics of Atrazine', International Journal of Occupational and Environmental 1 
Health, vol. 13, no. 4, pp. 441-9. 
Bandala, ER, Andres-Octaviano, J, Pastrana, P & Torres, LG 2006, 'Removal of Aldrin, Dieldrin, 
Heptachlor, and Heptachlor Epoxide Using Activated Carbon and/ or Pseudomonas 
fluorescens Free Cell Cultures', Journal of Environmental Science and Health, Part B, vol. 41, no. 
5, pp. 553-69. 
Bergman, R 2007, Reverse osmosis and nanofiltration, 2nd edn, American Water Works Association, 
Denver, CO. 
Blaha, L, Sabater, S, Babica, P, Vilalta, E & Marsalek, B 2004, 'Geosmin occurrence in riverine 
cyanobacterial mats: is it causing a significant health hazard?', Water Science and Technology, 
vol. 49, no. 9, pp. 307-12. 
Blanchoud, H, Farrugia, F & Mouchel, JM 2004, 'Pesticide uses and transfers in urbanised catchments', 
Chemosphere, vol. 55, no. 6, pp. 905-13. 
Boussahel, R, Bouland, S, Moussaoui, KM & Montiel, A 2000, 'Removal of pesticide residues in 
water using the nanofiltration process', Desalination, vol. 132, no. 1-3, pp. 205-9. 
Canna-Michaelidou, S & Nicolaou, A-S 1996, 'Evaluation of the genotoxicity potential (by Mutatox1M 
test) of ten pesticides found as water pollutants in Cyprus', Science of The Total Environment, 
vol. 193, no. 1, pp. 27-35. 
Caus, A, Vanderhaegen, S, Braeken, L & Van der Bruggen, B 2009, 'Integrated nanofiltration cascades 
with low salt rejection for complete removal of pesticides in drinking water production', 
Desalination, vol. 241, no. 1-3, pp. 111-7. 
Chen, S-S, Taylor, JS, Mulford, LA & Norris, CD 2004, 'Influences of molecular weight, molecular 
size, flux, and recovery for aromatic pesticide removal by nanofiltration membranes', 
Desalination, vol. 160, no. 2, pp. 103-11. 
Performance of treatment technologies in removing lower molecular weight persistent pollutants I 267 
Chian, ESK, Bruce, WN & Fang, HHP 1975, 'Removal of pesticides by reverse osmosis', Environmental 
Science & Technology, vol. 9, no. 1, pp. 52-9. 
Cho, BD & Fane, AG 2002, 'Fouling transients in nominally sub-critical flux operation of a membrane 
bioreactor', Journal of Membrane Science, vol. 209, no. 2, pp. 391-403. 
Egeberg, PK, Gjessing, ET, Ratnaweera, H & Moghissi, AA 1999, 'Natural organic matter', 
Environment International, vol. 25, no. 2-3, pp. 143-4. 
El-Dib, MA & Aly, OA 1977, 'Removal of phenylamide pesticides from drinking waters-I. Effect of 
chemical coagulation and oxidants', Water Research, vol. 11, no. 8, pp. 611-6. 
Farre, MF, Fernandez, JP, Paez, MP, Granada, LG, Barba, LB, Gutierrez, HG, Pulgarin, CP & Barcelo, 
DB 2002, 'Analysis and toxicity of methomyl and ametryn after biodegradation', Analytical 
and Bioanalytical Chemistry, vol. 373, no. 8, pp. 704-9. 
Fernandes, GSA, Arena, AC, Fernandez, CDB, Mercadante, A, Barbisan, LP & Kempinas, WG 2007, 
'Reproductive effects in male rats exposed to diuron', Reproductive Toxicology, vol. 23, no. 1, 
pp. 106-12. 
Foo, KY & Hameed, BH 2009, 'An overview of landfill leachate treatment via activated carbon 
adsorption process', Journal of Hazardous Materials, vol. 171, no. 1-3, pp. 54-60. 
Ganoulis, J 2009, Risk Analysis of Water Pollution, 2nd edn, Wiley-VCH, Weinheim. 
Gao, N-y, Deng, Y & Zhao, D 2009, 'Ametryn degradation in the ultraviolet (UV) irradiation/ 
hydrogen peroxide (Hp2) treatment', Journal of Hazardous Materials, vol. 164, no. 2-3, pp. 640-
5. 
Grobbelaar, D 2009, 'Efficiency of Membrane Filtration in Removing NOM from Drinking Water 
and the Subsequent Effects on DBP Formation', James Cook University. 
Guttman, L & van Rijn, J 2009, '2-Methylisobomeol and geosmin uptake by organic sludge derived 
from a recirculating aquaculture system', Water Research, vol. 43, no. 2, pp. 474-80. 
Hayes, TB, Khoury, V, Narayan, A, Nazir, M, Park, A, Brown, T, Adamea, L, Chan, E, Buchholz, D, 
Stueve, T & Gallipeau, S 2010, 'Atrazine induces complete feminization and chemical castration 
in male African clawed frogs (Xenopus laevis )', Proceedings of the National Academy of Sciences, 
vol. 107, no. 10, pp. 4612- 7. 
Hendricks, D 2011, Fundamentals of Water Treatment Unit Processes, CRC Press, Boca Raton, FL. 
Jacomini,A,de Camargo, P, Avelar, W & Bonato,P 2009, 'Determination of AmetryninRiverWater, 
River Sediment and Bivalve Mussels by Liquid Chromatography-Tandem Mass 
Spectrometry', Journal of the Brazilian Chemical Society, vol. 20, no. l, pp. 107-16. 
legatheesan, V, Virkutyte, J, Shu, L, Allen, J, Wang, Y, Searston, E, Xu, ZP, Naylor, J, Pinchon, S, Teil, 
C, Navaratna, D & Shon, HK 2012, 'Removal of lower molecular weight substances from water 
and wastewater: challenges and solutions', in DG Rao, R Senthikumar, J Anthony Byrne & S 
Feroz (eds), Wastewater treatment : advanced processes and technologies, IW A Publishing, London. 
268 I Solutions to Environmental Challenges through Innovations in Research 
Jones, RJ, Muller, J, Haynes, D & Schreiber, U 2003, 'Effects of herbicides diuron and atrazine on 
corals of the Great Barrier Reef, Australia', Marine Ecology Progress Series, vol. 251, pp. 153-67. 
Kim, S-H 2011, 'Introduction - Seawater Desalination by Reverse Osmosis Technology', in Deakin 
University, Waurn Ponds. 
Kiso, Y, Muroshige, K, Oguchi, T, Hirose, M, Ohara, T & Shintani, T 2011, 'Pore radius estimation 
based on organic solute molecular shape and effects of pressure on pore radius for a reverse 
osmosis membrane', Journal of Membrane Science, vol. 369, no. 1-2, pp. 290-8. 
Koohpaei, AR, Shahtaheri, SJ, Ganjali, MR, Forushani, AR & Golbabaei, F 2008, 'Application of 
multivariate analysis to the screening of molecularly imprinted polymers (MIPs) for ametryn', 
Talanta, vol. 75, no. 4, pp. 978-86. 
Levine, M 2007, Pesticides: A toxic time bomb in our midst, Praeger Publishers, Westport, CT. 
Lipp, P, Sacher, F & Baldauf, G 2010, 'Removal of organic micro-pollutants during drinking water 
treatment by nanofiltration and reverse osmosis', Desalination & Water Treatment, vol. 13,no. 
1-3, pp. 226-37. 
Liu, C & Huang, X 2008, 'Enhanced atrazine removal using membrane bioreactor bioaugmented 
with genetically engineered microorganism', Frontiers of Environmental Science & Engineering 
in China, vol. 2, no. 4, pp. 452-60. 
Liu, C, Huang, X & Wang, H 2008, 'Start-up of a membrane bioreactor bioaugmented with genetically 
engineered microorganism for enhanced treatment of atrazine containing wastewater', 
Desalination, vol. 231, no. 1-3, pp. 12-9. 
Malcolm Pirnie Inc., Separation Processes Inc. & The Cadmus Group Inc. 2005, Membrane Filtration 
Guidance Manual, Office of Water, U.S. Environmental Protection Agency. 
Minnesota Rural Water Association (MRWA) 2011, Coagulation and Flocculation Process Fundamentals, 
Minnesota Rural Water Association, Elbow Lake, MN. 
NHMRC & NRMMC 2004, Australian Drinking Water Guidelines 6, National Water Quality Management 
Strategy, by National Health and Medical Research Council & Natural Resource Management 
Ministerial Council. 
Navaratna, D, Elliman, J, Cooper, A, Shu, L, Baskaran, K & Jegatheesan, V 'Impact of herbicide 
Ametryn on microbial communities in mixed liquor of a membrane bioreactor (MBR)', 
Bioresource Technology, no. 0. 
Navaratna, D & Jegatheesan, V 2011, 'Implications of short and long term critical flux experiments 
for laboratory-scale MBR operations', Bioresource Technology, vol. 102, no. 9, pp. 5361-9. 
Newcombe, G & Dixon, D (eds) 2006,Interface science in drinking water treatment: theory and applications, 
vol. 10, Interface Science and Technology, Elsevier, London. 
Ormad, MP, Miguel, N, Claver, A, Matesanz, JM & Ovelleiro, JL 2008, 'Pesticides removal in the 
process of drinking water production', Chemosphere, vol. 71, no. 1, pp. 97-106. 
Performance of treatment technologies in removing lower molecular weight persistent pollutants I 269 
Ormad, MP, Miguel, N, Lanao, M, Mosteo, R & Ovelleiro, JL 2010, 'Effect of Application of Ozone 
and Ozone Combined with Hydrogen Peroxide and Titanium Dioxide in the Removal of 
Pesticides From Water', Ozone: Science & Engineering, vol. 32, no. 1, pp. 25-32. 
Oturan, N, Trajkovska, S, Oturan, MA, Couderchet, M & Aaron, J-J 2008, 'Study of the toxicity of 
diuron and its metabolites formed in aqueous medium during application of the 
electrochemical advanced oxidation process "electro-Fenton"', Chemosphere, vol. 73, no. 9, 
pp. 1550-6. 
Plakas, KV & Karabelas, AJ 2008, 'Membrane retention of herbicides from single and multi-solute 
media: The effect of ionic environment', Journal of Membrane Science, vol. 320, no. 1-2, pp. 
325-34. 
Pradeep, T & Anshup 2009, 'Noble metal nanoparticles for water purification: A critical review', 
Thin Solid Films, vol. 517, no. 24, pp. 6441-78. 
Prager, J 1996, Environmental Contaminant Reference Databook, vol. 2, Van Nostrand Reinhold, New York. 
Radjenovi~, J, Matosi~, M, Mijatovi~, I, Petrovi~, M & Barcelo, D 2008, 'Membrane Bioreactor 
(MBR) as an Advanced Wastewater Treatment Technology Emerging Contaminants from 
Industrial and Municipal Waste', in D Barcelo & M Petrovic (eds), Springer Berlin / 
Heidelberg, vol. 5S, pp. 37-101. 
Ricart, M, Barcelo, D, Geiszinger, A, Guasch, H, Alda, MLd, Romani, AM, Vidal, G, Villagrasa, M & 
Sabater, S 2009, 'Effects of low concentrations of the phenylurea herbicide diuron on biofilm 
algae and bacteria', Chemosphere, vol. 76, no. 10, pp. 1392-401. 
Rossman, L, Clark, R & Grayman, W 1994, 'Modeling Chlorine Residuals in Drinking Water 
Distribution Systems', Journal of Environmental Engineering, vol. 120, no. 4, p. 803. 
Sarkar, B, Venkateshwarlu, N, Nageswara Rao, R, Bhattacharjee, C & Kale, V 2007, 'Potable water 
production from pesticide contaminated surface water-A membrane based approach', 
Desalination, vol. 204, no. 1-3, pp. 368-73. 
Sarkar, B, Venkateswralu, N, Rao, RN, Bhattacharjee, C & Kale, V 2007, 'Treatment of pesticide 
contaminated surface water for production of potable water by a coagulation-adsorption-
nanofiltration approach', Desalination, vol. 212, no. 1-3, pp. 129-40. 
Secretariat of the Stockholm Convention 2012, Listing of POPs in the Stockholm Convention, United 
Nations Environment Programme, 2012, <http:/ /chm.pops.int/Convention/ThePOPs/ 
Listingo£POPs I ta bid/ 2509 /Default.aspx>. 
Snyder, S, Wert, E, Rexing, D, Westerhoff, P & Yoon, Y 2004, Conventional and Advanced Water 
Treatment Processes for the Removal of Endocrine Disruptors and Pharmaceuticals, IATP 
Environment. 
Thuy, PT, Moons, K, Van Dijk, JC, Viet Anh, N & Van der Bruggen, B 2008, 'To what extent are 
pesticides removed from surface water during coagulation-flocculation?', Water and 
Environment Journal, vol. 22, no. 3, pp. 217-23. 
270 I Solutions to Environmental Challenges through Innovations in Research 
US Environmental Protection Agency 2002, Persistent Organic Pollutants: A Global Issue, A Global 
Response, US Environmental Protection Agency, 2012, <http://www.epa.gov/international/ 
toxics I pop .html#thedirtydozen>. 
US Environmental Protection Agency 2005, R.E.D. Facts - Ametryn, US Environmental Protection 
Agency. 
Wang, Y, Shu, L, Jegatheesan, V & Gao, B 2009, 'Coagulation and nano-filtration: A hybrid system 
for the removal of lower molecular weight organic compounds (LMWOC)', Desalination & 
Water Treatment, vol. 11, no. 1-3, pp. 23-31. 
Wang, Y, Shu, L, Jegatheesan, V & Gao, B 2010, 'Removal and adsorption of diuron through 
nanofiltra tion membrane: The effects of ionic environment and opera ting pressures', Separation 
and Purification Technology, vol. 74, no. 2, pp. 236-41. 
Young, WF, Horth, H, Crane, R, Ogden, T & Arnott, M 1996, 'Taste and odour threshold 
concentrations of potential potable water contaminants', Water Research, vol. 30, no. 2, pp. 
331-40. 
Zhou, J, Ralston, J, Sedev, R & Beattie, DA 2009, 'Functionalized gold nanoparticles: Synthesis, 
structure and colloid stability', Journal of Colloid and Interface Science, vol. 331, no. 2, pp. 251-
62. 
